Abstract. The local electronic structure of YBa2Cu3O7 has been calculated using first-principles cluster methods. Several clusters embedded in an appropriate background potential have been investigated. The electric field gradients at the copper and oxygen sites are determined and compared to previous theoretical calculations and experiments. Spin polarized calculations with different spin multiplicities have enabled a detailed study of the spin density distribution to be made and a simultaneous determination of magnetic hyperfine coupling parameters. The contributions from on-site and transferred hyperfine fields have been disentangled with the conclusion that the transferred spin densities essentially are due to nearest neighbour copper ions only with marginal influence of ions further away. This implies that the variant temperature dependencies of the planar copper and oxygen NMR spin-lattice relaxation rates are only compatible with commensurate antiferromagnetic correlations. The theoretical hyperfine parameters are compared with those derived from experimental data. 
Introduction
Although discovered [1] in 1986, the high temperature superconducting (HTS) copper oxides continue to present challenge to both experiment and theory. The underlying mechanism (or mechanisms) responsible for their superconductivity is still ambiguous. To understand the various contributions of magnetism and phonons in high temperature superconductivity requires a detailed knowledge of the electronic structure of HTS materials. These exhibit considerable structural complexity but this complexity brings the advantage of various nuclear species located throughout the unit cell which serve as local probes of the electronic and magnetic properties. Through nuclear quadrupole and magnetic resonance (NQR and NMR) techniques, these nuclei probe passively the local electronic structure and have delivered a tremendous amount of data about both static and dynamic properties of HTS materials [2] .
The nuclei experience the spin polarization of the electronic system through various hyperfine interactions which basically are well known. It turned out, however, that in HTS copper oxides their analysis is not as straightforward as expected. For example, the spin shifts which give information on the static spin susceptibility have to be separated from the chemical shifts which, being inde-⋆ e-mail: sam@physik.unizh.ch pendent on temperature, are assumed to dominate the Knight shifts at low temperature. Precise measurements of these NMR shifts in the superconducting state, however, are difficult due to the field inhomogeneities produced by the vortex lattice. Furthermore, the spin shifts at the planar copper nuclei are extremely small in all cuprates when measured with the applied field perpendicular to the planes.
Dynamic properties of the spin fluid can be probed by the various nuclear relaxation rates. The interaction energy is determined by the sum of the hyperfine interactions of which the transferred hyperfine fields make a crucial contribution as has first been pointed out in Refs. [3, 4] . In particular, the variant temperature dependence of the spin-lattice relaxation rates at planar copper and oxygen nuclei could be explained by assuming that the transferred fields at 17 O from the two neighbouring copper ions cancel if these moments are antiferromagnetically coupled whereas the copper nuclei could reflect the antiferromagnetic spin fluctuations. Neutron scattering measurements, however, indicated that the fluctuation peaks were incommensurate and not located at the reciprocal wave vectors Q = (π/a, π/a).
Zha, Barzykin, and Pines [5] then advocated transferred hyperfine fields at the oxygens from next nearest neighbour copper ions which would further suppress the contributions from the two nearest neighbours. With this extended model they could explain a variety of NMR data in good agreement with incommensurate antiferromagnetic fluctuations as exhibited by neutron scattering results.
Although the focus of NQR and NMR investigations of HTS materials has recently changed to inhomogeneities, in particular static and dynamic stripe phenomena, some of the "older" problems still wait for definitive answers. Among these problems the applicability of a one-band approach to describe the low-lying spin and charge excitations in these materials is of special importance. Several experiments [6, 7, 8] indicate that a second spin fluid with independent dynamics is required.
Despite the rich information these experiments provide, there exist only few theoretical first-principles approaches which address the determination of electric field gradients (EFGs) and magnetic hyperfine interactions. For the YBa 2 Cu 3 O 6+x system, EFGs at various nuclear sites have been early obtained by Das and co-workers [9, 10, 11] with ab initio cluster calculations using the unrestricted Hartree-Fock (UHF) method, and by Schwarz and coworkers [12, 13] and Yu et al. [14] , who employed the fullpotential linear augmented-plane-wave method (FLAPW) within the local density approximation (LDA). Results of Hartree-Fock (HF) calculations have also been published by Winter [15] . The EFGs calculated with these three different methods agree, more or less, and reproduce apart from one exception the experimental data quite satisfactorily. The exceptional case is the EFG at the planar Cu sites. Using a large cluster that contained 74 atoms, we performed [16] calculations with the density functional (DF) method and obtained values for the Cu EFGs which were in better agreement with the experiments. These calculations were spin non-polarized and no information on magnetic hyperfine interactions was available. Spin polarized calculations, however, have recently been performed [17] for the La 2 CuO 4 system which allowed the study of hyperfine coupling parameters.
In this paper, we report the results of extensive cluster studies of the electronic structure of YBa 2 Cu 3 O 7 . Spin polarized calculations with the DF method with generalized gradient corrections to the correlation functionals have been performed for various clusters. The resulting electronic structure, the charge and spin distributions have been analyzed. In particular, the on-site and transferred hyperfine fields have been investigated in detail and it is demonstrated, that transferred interactions from copper ions beyond the nearest neighbours are small for both planar copper and oxygen nuclei. The relevance of this finding for the interpretation of 17 O NMR spin-lattice relaxation is discussed.
In Sec. 2 the clusters used in this work are described together with the basis sets and the methods of the calculations. We then consider in Sec. 3 first a (CuO 5 )
8− ion and compare the results with predictions for a Cu 2+ ion in a single-electron approach. The results for the EFGs are given in Sec. 4 and compared to previous theoretical approaches and to experimental values. The magnetic hyperfine interactions are discussed in Sec. 5 where special attention is given to study the transferred fields. The mechanism of spin transfer is analyzed in detail and the calculated hyperfine couplings are compared with values derived from experiments. Sec. 6 contains a summary and the conclusions.
Clusters and theoretical methods
The general idea of the cluster approach to electronic structure calculations of properties which depend predominantly on local structures is that the parameters that characterize a small cluster can be transferred to the solid and largely determine its behaviour. One should expect reliable results for local quantities like the EFG or the magnetic hyperfine fields. It would be much more questionable to calculate quantities which are determined only by a large region of the solid.
It would be desirable to have a cluster that contains as many atoms as possible, but there are two computational limitations to the cluster size: the available computer resources and the convergence of the minimization procedure. The rest of the solid must be simulated by a shell of neighbouring pseudopotentials and, beyond that, point charges so that the cluster experiences the correct electrostatic potential. It is necessary, however, that the results obtained should be checked with respect to their dependence on the cluster size.
An important feature of the cluster approach is that the atom to consider should be in a position of the cluster which respects as much as possible its natural surrounding. This means that the cluster should retain the "local symmetry" around that atom. Since we are interested in the EFG of both the planar copper and the chain copper, we used clusters of two different symmetries according to which copper atom we were interested in. The alternative of choosing a single cluster to look at those two ions is currently prohibitive. However both these clusters include nearest neighbour atoms of the CuO 2 planes, the latter being incorporated to reflect their proven importance.
All clusters used assume the low temperature orthorhombic structure of YBa 2 Cu 3 O 7 , with lattice constants a = 3.827Å, b = 3.882Å and c = 11.682Å as given in Ref. [18] . We adopt the standard labelling of the copper and oxygen ions as defined in Fig. 1 . Using the planar Cu(2) atom as a common centre, the crystallographic aaxis points towards O(2), the b-axis points towards O(3), and the c-axis points towards O(4).
The smallest cluster used (see Fig. 1 ) consists of one Cu (2) Ba 12 . In addition, these 35 atoms are surrounded by more than 6500 point charges. The positions of some charges at sites far from the cluster centre were adjusted in such a way that the correct Madelung potential in the central region of the cluster was reproduced.
The largest cluster (see Fig. 2 ) with a Cu(2) in the centre comprises in total 26 atoms all supporting a basis set; five Cu(2), sixteen planar and five apical oxygens. This cluster is surrounded by a shell of eight Cu(2), five Cu (1) In view of the large range of cluster sizes used in this paper we continue our policy [17] of using the same basis set for each cluster, so that direct comparison can be made, and as before use the 6-311G basis set [19] . In any case, as earlier work has shown [17] , there is no significant change if the quality of this basis set is improved. Pseudopotentials were used [20] In contrast to our previous work [16] on YBa 2 Cu 3 O 7 we present here spin polarized calculations using the Gaussian 98 software package [19] .
We showed in an earlier work [17] that the density functional (DF) method, a model which includes correlation effects, describes the covalent Cu-O bonding better than Hartree-Fock (HF) methods. Although the DF operator, equivalent to the Hamilton operator in the HF To define the notation we specify that the EFG components, V
ii , are given here in atomic units, i.e. in ea
The quantity q ii = V ii / | e | then corresponds to −9.7174 × 10 21 in units of V/m 2 . A general hyperfine interaction tensor, with components αβ, is denoted by f αβ and has units of a
B , which importantly is independent of the underlying nuclear structure.
The hyperfine interaction energy at nucleus k is then given by
where k γ and γ e are the gyromagnetic ratios for nucleus k and the electron respectively.
We follow the NMR literature in replacing our general f αβ by a αβ , for the Cu on-site term, b αβ and c αβ for the transferred hyperfine fields when it refers to Cu and O, respectively.
We can identify at least three contributions to a general f αβ :
where f iso is the isotropic (Fermi contact) term, f αβ dip is the traceless dipolar term, and f αβ so the spin-orbit coupling. The difference between on-site and transferred contributions will be discussed in Sec. 5.
Embedded CuO 5 ion
As a starting point, we consider the (CuO 5 ) 8− ion (see Fig. 1 ) embedded in an appropriate lattice of pseudopotentials and point charges in the YBa 2 Cu 3 O 7 crystal. In Table 3 we collected results for the Mulliken charge ρ M , the components of the EFG V ii , the Mulliken spin density ρ, the isotropic term a iso , and the diagonal elements of the dipolar hyperfine tensor a ii dip at the copper site. A comparison with the values in the La 2 CuO 4 system [17] shows that the lacking apex oxygen in the YBa 2 Cu 3 O 7 compound has not a great influence on these values.
We can compare these results for the hyperfine coupling constants to the predictions of a single electron picture of a Cu 2+ ion. Bleaney et al. [25] assign to a single 3d x 2 −y 2 hole a dipolar coupling constant of
and a core polarization of
with a parameter κ = 0.26 ± 0.06. In this paper we have preferred to use a iso instead of a cp since we are calculating the total Fermi contact interaction. This could be dominated by a cp but a cp is not an observable. Eq. (4) however is the correct usage for the model system proposed.
If our dipolar hyperfine coupling a
is inserted into Eq. (3) the estimated value for r −3 is 5.82 a −3 B which is close to the expected value. Assuming that the isotropic hyperfine coupling is dominated by core polarization we get a iso = a cp = −1.51 a −3 B from Eq. (4) which is reasonable when compared to our properly calculated value in Table 3 of a iso = −1.97 a B really means since we are in a covalently bound molecular situation. In the atomic picture the larger r −3 is, the more compact is the associated atomic orbital (AO) and vice versa. In a molecular situation we might expect a smaller r −3 due to delocalisation of the orbital when involved in a molecular orbital (MO) but this is too simplistic for the following reason.
The operator r −3 will sample only the density close to the copper and so should be similar to the atomic value if the electron was not shared with other atoms. This means that the r −3 value will be proportional to the probability of finding the electron in that orbital. In theoretical retains its value in a molecular situation. Otherwise Eq. (5) will have two unknowns but only one item of experimental data.
We have extracted r −3 atom from our calculations and find that the value (≈ 8 a −3 B ) is significantly larger than the corresponding value given for the Cu 2+ ion. This is not entirely unexpected because it has long been known that AOs are more contracted in a molecular situation if we use AOs as basis orbitals in MO theory. It was particularly noticeable for hydrogen atoms and also for d-orbitals. This effect will be amplified if bonding reduces the electron density in the AO, that is, makes the atom more positive. Although this has a passing interest it certainly raises a cautionary note here when using Eq. (3) or the modified form (5). Since no useful conclusions result from our r −3 = 5.8 a
−3
B derived from Eq. (3) using our theoretical value for a zz dip , it follows that no useful conclusion can be drawn from using any experimental value of a zz dip in the same way.
Electric field gradients
To investigate the electronic structure of the CuO 2 plane we used the cluster Cu 5 O 21 /Cu 13 Y 12 Ba 12 which comprises five Cu 2+ ions. Calculations were performed for all three spin multiplicities m = 2, 4, and 6. The lowest energy is obtained for m = 4 probably reflecting that the spin distribution is reminiscent of an antiferromagnetic system. The corresponding energy differences E m=6 − E m=4 and E m=2 − E m=4 are plotted in Fig. 4 versus the product ρ 0 (ρ 1 + ρ 2 + ρ 3 + ρ 4 ) where ρ 0 denotes the Mulliken spin density of the central copper ion and ρ i (i = 1, . . . , 4) that at the four other copper ions. It is seen that the calculated energies are related to the product of the Mulliken spin densities according to
with j = 283 meV. This empirical relationship and its connection with the antiferromagnetic exchange interaction will be further discussed elsewhere together with a comparison of the analogous results for other materials. In Table 4 the calculated values of the EFG components at the central copper atom are reported. The experimental values for the quadrupole resonance frequencies [26] have been converted into EFGs using the value of Q( 63 Cu) = −0.211 b for the nuclear quadrupole moment [27] . Also given in Table 4 are previous theoretical values obtained from band structure calculations [12, 14] and from a spin non-polarized cluster calculation [16] . The present results are in good agreement with the experimental data. Our values slightly depend on the spin multiplicity which reflects the influence of the finite size of the cluster since for m = 4 the absolute value of the (negative) Mulliken spin density at the central copper ion is smaller than that at the four other copper atoms. This will be further discussed in the next section. A comparison of the EFG values obtained in the small cluster CuO 5 /Cu 5 Y 12 Ba 12 (see Table 4 ) and the values at the four non-central copper ions in the large cluster (V zz = 1.41) shows good convergence with respect to cluster size. It should be emphasized, however, that the experimentally determined value for the asymmetry parameter (η = 0.01) cannot be accounted for by theoretical calculations which are based on atomic sites determined by crystallographic data. Although the orthorhombicity is small ((b − a)/b = 0.014) an asymmetry is expected which is appreciably larger than that observed experimentally.
It is noted here that the EFG at the copper nucleus results from relatively large and almost cancelling individual contributions, as is illustrated in Table 5 for the example of Cu with spin multiplicity m = 4. This demonstrates that the theoretical determination of EFGs is quite delicate, as a further detailed analysis [28] will show. There-fore, it is necessary to describe the total electron density of the atom as accurately as possible, which require the basis sets to be sufficiently large. (In our experience, the 6-311G basis sets [19] have proved adequate as has been shown for La 2 CuO 4 where the dependence of the EFG at Cu on the basis set was discussed in detail [17] .)
A comparison of the theoretical results with experimental values shows that the new spin-polarized calculations here are distinctly better than our previous spinunpolarized calculations [16] and the FLAPW calculations [12, 14] . The FLAPW values are only about 50% of the experimental values although the contributions from the 3p and 3d orbitals (with the exception of the 3d x 2 −y 2 orbital) are almost identical with our current calculations. The exception is crucial since according to our calculations the 3d x 2 −y 2 orbital is significantly involved in covalent bonding with the 2p σ orbitals on the nearest neighbour planar oxygen atoms. The bonding to the apical oxygens is much more ionic. Clusters are basically molecular ions surrounded by an environment of atomic ions represented by pseudopotential functions or, more remotely, point charges. The wave functions are determined by a molecular orbital approach which is ideally suited to the study of systems which are significantly covalently bonded. Augmented plane wave methods are more suited to systems which are mainly held together by ionic or metallic bonds. For this reason we believe that the cluster calculations are more appropriate than the FLAPW method for the study of local properties in these crystals.
The values of the EFG components at the planar oxygen sites O(2) and O(3) are collected in Table 6 together with previous theoretical values and experimental data for resonance frequencies which have been converted into EFGs using the value Q( 17 O) = −0.02556 b. The agreement between theory and experiment is good.
The cluster Cu 3 O 12 /Cu 14 Y 8 Ba 8 was used to investigate the electronic structure of the apical oxygen O(4) and the chain copper Cu(1) with spin multiplicities m = 3 and m = 5. The experimentally determined EFG components at Cu(1) exhibit the peculiar feature that the asymmetry parameter η is almost equal to 1 which is not due to a particular symmetry of the lattice site. Our cluster calculations with m = 5 fail badly to reproduce this asymmetry but those with m = 3 give η = 0.995 as shown in Table 7 . For the latter, the spin densities reside mainly in the two planes with small values on the Cu(1) and the O(4). Nevertheless, the interplanar exchange coupling is of general interest. A careful study of this problem would, however, require much larger clusters (at least 11 copper ions) which are part of our plans for future investigations.
For the apical oxygen, O(4), we obtain V zz = −1.61 and η = 0.22 also in reasonable agreement with experiments [29] (| V zz |= 1.22 and η = 0.32) in consideration of the small, but carefully chosen, cluster. 
Magnetic hyperfine couplings

Isotropic contributions
In the previous section, we have shown that our wave functions can reasonably well predict the EFGs at various sites. Therefore we feel sufficiently confident to calculate other quantities from these wave functions, focusing in this section particularly on the magnetic hyperfine interactions in the CuO 2 plane. The magnetic hyperfine interaction tensor at a certain nucleus can be decomposed into an isotropic part D and a traceless dipolar part T , the latter being discussed in the next subsection. The former is given by the difference between the spin-up and spin-down density at the nuclear site R
where the sums extend over all occupied MOs.
In a restricted open-shell calculation, the sum ion discussed above, the quantity D(R) is interpreted as core polarization. In the present context, we have both kinds of contributions. In a first approximation, the MOs with mostly 3d x 2 −y 2 -character are singly occupied and yield a core polarization contribution to D(Cu). Neighbouring copper ions produce in addition transferred hyperfine fields which produce a Fermi contact interaction from the 4s-orbitals and a much smaller contribution from the inner 3s-, 2s-, and 1s-orbitals by spin polarization, in other words, a core polarization. We therefore prefer to call D(R) just the isotropic hyperfine density at the nuclear site R.
The cluster calculations allow us to scrutinize the onsite and transferred hyperfine field in detail. We first focus on the analysis of D(Cu) using results from calculations with the highest possible spin multiplicity. Thus in the cluster Cu 
Plotting
should then result in a straight line with slope β iso and intersection α iso . This is done in Fig. 6 . Similarly the isotropic hyperfine density at an oxygen site can be written as Figure 7 displays the obtained values in a plot similar to the copper case. Again, the quality of the ansatz can be estimated by noting that the data points fit quite well to a straight line with slope γ iso . From these two figures it seems quite clear that the influence of further distant atoms can be considered small. To make things more quantitative we have assumed the isotropic hyperfine density at copper and oxygen to depend as well on next nearest 
neighbours (NNN) and further distant copper ions according to
at a copper nucleus and
at an oxygen nucleus. A least squares fit to all data yields α iso = −2.68±0.02, β iso = 0.72±0.01, and β To demonstrate this small contribution we plot in Fig. 8 the values of D(O) as a function of NNN copper ions. The implications of this result will be discussed further in Sec. 6.
Dipolar hyperfine coupling
The dipolar hyperfine coupling results from a spatial average of 1/r 3 with wave functions: 
with
At variance with the isotropic hyperfine density which for copper exhibits a substantial transferred contribution, T ii (Cu) is dominated by the on-site term. The transferred field from NN copper ions is small as can be seen in Fig. 9 where T zz (Cu) is plotted as a function of the number of NN. Again, all obtained values for the different clusters and multiplicities turned out to be proportional to the copper Mulliken spin densities and the same kinds of ansatz that worked for the isotropic case could be used. The results of this analysis can be written as
and
The fitted parameters α dip , β dip , and γ ii dip are collected in Table 8 .
Discussion of spin density distribution
The capability of the cluster approach to control the spin multiplicities enables us to get insight into the details of on-site and transferred spin densities. In Fig. 10 the difference of spin-up and spin-down densities is shown along a bond axis for multiplicities m = 6 (upper panel) and m = 4 (lower panel) calculated with the Cu 5 O 21 /Cu 13 Y 12 Ba 12 cluster. The double humps at the coppers reflect the fact that the dominant part of the spin density distribution is related to the projections of the MOs onto the 3d x 2 −y 2 AOs. The small differences in the heights are due to the finite size of the cluster. The contact density at the two outer coppers is negative (they have only one NN) but positive at the central copper (with four NN). At the oxygens, the spin density resides mainly on the 2p σ AO. Again, the tiny peaks at the positions of the nuclei reveal the contact densities which for the two inner oxygen atoms with two NN is twice as large as for the two outer oxygens with only one NN. The "antiferromagnetic" alignment (m = 4, lower panel of Fig. 10 ) also exhibits finite size effects. Since there are four copper ions with spin up and only one with spin down, there is an excess of positive spin density in the cluster which prohibits an exact cancellation of ρ ↑ and ρ ↓ at the bridging oxygens. The smaller spin density distribution on the central copper atom in the antiferromagnetic case may arise from the removal of the restrictions due to the exclusion principle for the central spin compared to the m = 6 case. Note, however, that the electronic structure and spin density distributions for all the clusters are in perfect accordance if the analysis is performed with the individual Mulliken spin densities ρ(Cu) as has been demonstrated in the previous subsection (see Figs. 6  and 7 ). An extrapolation from the finite clusters to an extended system therefore just requires the knowledge of ρ (Cu) . We assume that the value calculated for the central copper atom in the large cluster, ρ(Cu)= 0.68, is a reasonable estimate. The resulting hyperfine coupling constants (a iso = 0.68α iso and, similarly, for the other couplings) will be given and discussed in the next subsection. Table 8 . The values of the fitted parameters of our ansatz (14) for the dipolar hyperfine field at Cu(2) and (15) for that at O(2/3) (in units of a −3 B ). Note that the dipolar field at the copper nucleus is nearly axially symmetric and α dip refers to the crystallographic c-direction. For the planar oxygens, γ dip (γ ⊥ dip ) denotes the component in the CuO2 plane along (perpendicular to) the bond axis. To illustrate the mechanisms of spin transfer, the radial dependence of the difference between spin-up and spin-down densities at the oxygen and the copper is shown in Figs. 11 and 12 2+ ion shares its spin density with the ligand planar oxygens whose spin direction is parallel to that of the local copper moment. The transferred spin is mainly on the O 2p σ orbital with a polarization of 8.2% and polarizes the s-orbitals such that the nucleus sees positive spin density. This can be seen in Fig. 11 
we get f 2s = 1.3% and f 1s = −0.013% with NN = 1 but f 2s = 2.7% and f 1s = −0.026% for NN = 2. Table 9 . The hyperfine fields transferred from the four NN ions change the polarization of the 4s-orbital from negative to positive.
Hyperfine Couplings
The results for the magnetic hyperfine couplings for the planar oxygen are represented in Table 10 . The spin-orbit contributions to the hyperfine couplings are expected to be small in the case of oxygen. We neglect them and assume that c be noted that the calculated anisotropy, c tot /c ⊥ tot ≃ 2, is larger than the experimental value of about 1.7.
When comparing the theoretical values with those derived from experiments (see Table 10 ) it is seen that the latter values are generally higher. The experimental analysis relies on the approximation that the total spin susceptibility χ s is isotropic and on the uncertain assumption that it is equally distributed over Cu (2) Yoshinari et al. [30] also found that the hyperfine fields did not appreciably change between samples with an oxygen content of x = 6.6, 6.8, and 6.96. This is in sharp contrast with recent measurements [32] in the La 2 CuO 4 system where large differences between the hyperfine fields in undoped and doped (0.15% Sr) compounds have been observed.
The calculated values for the isotropic and dipolar hyperfine couplings for the planar copper are given in the left part of Table 11 . We cannot yet calculate from first principles the spin-orbit contribution which for copper is not negligible. The total values for the on-site densities, a ii tot = a iso + a ii dip + a ii so , however, depend crucially on a ii so , partly accidentally as will be shown below. We therefore choose to adopt the estimates given in Ref. [33] which are based on the picture of a single missing electron in the copper 3d-shell developed by Bleaney et al. [25] . From perturbation theory the hyperfine spin-orbit coupling densities are given by a phenomenological spin-orbit coupling parameter λ, the energy differences ∆E between the various 3d-orbitals and r −3 . Using the "standard" values for these quantities which are obtained from a variety of combined experimental and theoretical studies, one obtains a so = 2.409 a B . Following the arguments given by Monien, Pines, and Slichter [33] who estimate the uncertainties in λ and ∆E to about 20% and adding 10% for the possible change in r −3 , we include the 30% bounds in the "errors" given for a tot and a ⊥ tot in Table 11 .
In comparing our calculated values with previous estimates and values derived from experiment, we first note that we also get a transferred anisotropic hyperfine coupling b dip which is 18% of the value of b iso . The value for b iso of 0.49 a . This is due to the buckling of the planar oxygens in the CuO 2 plane [36] . Experiments give constraints on various com- B . A second constraint comes from the anisotropy ratio R of the nuclear spin-lattice relaxation rates for fields perpendicular and parallel to the planes which is found to be about 3.7. Assuming antiferromagnetically correlated spins R is given by
Inserting our calculated hyperfine couplings into Eq. (17) yields values for R which are far too large. An inspection of Eq. (17), however, shows that R depends sensitively on a ⊥ tot . In the nominator both terms add since a tot < 0. In the denominator, however, a cancellation takes place since a is crucial for a ⊥ tot , as has been shown by Stoll et al. [37] for La 2 CuO 4 where, in addition, the spin-orbit contributions to the hyperfine field at the copper nucleus are strongly influenced by Sr 2+ dopants. Therefore the calculated couplings are inadequate in predicting the anisotropy of the Cu relaxation rates until more reliable values for a ⊥ so are available.
A third experimental constraint comes from the fact that the copper magnetic shift measured for fields perpendicular to the plane is independent of temperature and therefore assigned entirely to contributions from the chemical shift leaving a vanishing spin shift 63 K s . This can happen if a tot + 4(b iso + b dip ) = 0. Our calculated values in Table 11 give −0.61 a −3 B and a value of a so ≃ 3 a −3 B would be required for a perfect cancellation. It should be emphasized, however, that 63 K s is found to be strictly temperature independent for most of the cuprates irrespective of the doping level. This is a remarkable experimental fact and an accidental cancellation of the various terms for several substances and doping levels is completely unexpected from our theoretical calculations of hyperfine parameters.
Summary and Conclusions
The local electronic structure of YBa 2 Cu 3 O 7 has been investigated by first-principles methods. Using clusters of various sizes, which attempt to incorporate the important features of the CuO 2 -plane, the EFGs at the planar copper and oxygen sites were calculated with all-electron calculations and sufficiently large basis sets. The calculated values are in good agreement with the experiments. An inspection of Table 5 , where we examined in detail the various contributions to the EFG at the copper nucleus, demonstrates that the traditional interpretation of EFG values using Sternheimer shielding and antishielding factors is highly questionable.
The magnetic hyperfine properties in the planes have been determined very accurately by comparing the results from calculations with different spin multiplicities. It was shown that the transferred hyperfine fields at both Cu (2) and O(2/3) are effectively due only to the nearest neighbour copper ions, the contributions from further distant neighbours being marginal. This finding has important consequences since it shows that the assumption of Zha, Barzykin, and Pines [5] has no microscopic justification. The variant temperature dependencies of the Cu(2) and O(2/3) nuclear spin lattice relaxation rates can then only be explained by antiferromagnetic fluctuations which are commensurate. It can be argued that the neutron scattering which exhibits incommensurate fluctuations is operating on a much faster time scale than the NMR experiments or is probing periodic arrays of domain walls.
The calculated values for the hyperfine coupling constants are in reasonable agreement with the values expected from experimental data. As the discussion in Sec. 5 demonstrated, the interpretation of the data is made difficult by the uncertainty of the contributions of the spin-orbit interaction. In this respect, improved quantum chemical calculations of the spin-orbit coupling would be desirable.
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